Preparations of heterocysts of Anabaena cylindrica Brunswick, N.J.) continuously illuminated with six fluorescent tubes (daylight, 15 w) and gassed with air to a density of 3.0 ,ug Chl/ml. The doubling time based on Chl was approximately 17 hr. Cultures were checked regularly for bacterial contamination by microscopic examination, and occasionally by subculture of 1 ml into 10 ml of culture medium supplemented with 1% glucose and 0.5% peptone. Every 24 hr 7 to 8 liters of the 12 liters of algal suspension were removed and replaced with fresh medium. Filaments concentrated by centrifugation (5 min, 1100g) were resuspended in a small volume of used growth medium and stored on ice for 1 to 3 hr. Harvest, concentration, and resuspension of filaments were accomplished within 30 min.
Vegetative cells of certain filamentous blue-green algae can differentiate into thick walled cells called heterocysts. The beterocysts are a major site of reductive nitrogen fixation in the algal filaments (7, 18, 19) and reduce triphenyltetrazolium chloride much more rapidly than do vegetative cells (6, 13) . Heterocysts isolated by means of a French press lack a photosystem II (4) . Carbon compounds synthesized by vegetative cells in the light pass through the filaments and into the heterocysts (5, 16 Brunswick, N.J.) continuously illuminated with six fluorescent tubes (daylight, 15 w) and gassed with air to a density of 3.0 ,ug Chl/ml. The doubling time based on Chl was approximately 17 hr. Cultures were checked regularly for bacterial contamination by microscopic examination, and occasionally by subculture of 1 ml into 10 ml of culture medium supplemented with 1% glucose and 0.5% peptone. Every 24 hr 7 to 8 liters of the 12 liters of algal suspension were removed and replaced with fresh medium. Filaments concentrated by centrifugation (5 min, 1100g) were resuspended in a small volume of used growth medium and stored on ice for 1 to 3 hr. Harvest, concentration, and resuspension of filaments were accomplished within 30 min.
Preparation of Cell-Free Extracts. Immediately prior to use, the concentrated suspension was centrifuged (2 min, 5000g) and resuspended either approximately 100 ug Chl/ml in ice-cold tris buffer (20 mm tris HCl, pH 7.6, containing 0.1 mm EDTA and 10 mm 2-mercaptoethanol), or approximately 250 ,ug Chl/ ml in ice-cold phosphate buffer (40 mm KH}P04-K,HPO4 pH 7.0). The dense suspension was cavitated at setting no. 3 of a Model S-125 Sonifier (Heat Systems, Inc., Melville, N.Y.), which was cooled with a water jacket (12 C). Cavitation for 5 to 11 sec/ml broke most of the vegetative cells and left the major portion of the heterocysts apparently intact. After 1 min/ml of cavitation, virtually all of the vegetative cells and heterocysts were broken. In certain experiments, the phosphate buffer was supplemented with 1.5 mM glucose-6-P and 3 mM MgCl,. Cell-free extracts were obtained by centrifugation for 4 or 5 min at 50OOg or 12,000g.
For studies on the time course of solubilization of glucose-6-P dehydrogenase an algal suspension, initial volume 22 ml, was cavitated for 5 sec/ml and then for four successive periods of 3 sec/ml each. After each period of cavitation, a 1-ml aliquot was withdrawn and transferred into a 4-ml centrifuge tube at 0 C. The volume of suspension was then reduced to 12 ml, and cavitation was continued for a total of 1 min/ml. All centrifugations were carried out at 1 to 5 C.
Heterocyst Preparations. Twenty-two-milliliter batches of algal suspension containing about 250 ,ug Chl/ml were cavitated for 11 sec/ml, left 10 min at 24 C, diluted with 60 ml of distilled water (2-4 C), and centrifuged for 2 min at 1500g.
The pellets were combined and washed three times with 20 ml of growth medium (2-4 C). The final pellet was resuspended in phosphate buffer with supplements (Table IA) . In another set of experiments (Table IB) the washed pellet was resuspended in 22 ml of growth medium, cavitated for 3 sec/ml, and washed twice as above. The final pellet was then resuspended in tris buffer. The supplemental cavitation reduced the percentage of vegetative cells present. 480 Biochemical Assays. Chl was determined by absorbance at 665 nm in methanolic extracts (9) . "Total protein" is the protein contained in a cell-free extract, and "soluble protein" is the protein contained in the supernatant solution after centrifugation (Spinco) of such an extract for 2 hr at 160,000g. Protein was determined (8) using bovine serum albumin as a standard.
Hexokinase, glucose-6-P dehydrogenase, 6-P-gluconate dehydrogenase, and glyceraldehyde-3-P dehydrogenase were assayed under the conditions described by Pearce and Carr (10) .
The rate of NAD or NADP reduction was measured at 24 C with a Beckman DB-G spectrophotometer and 10-inch recorder. The reactions were initiated by the addition of the carbohydrate substrates. In the assays for glucose-6-P dehydrogenase, 6-P-gluconate dehydrogenase, and glyceraldehyde-3-P dehydrogenase, no change in the absorbance at 340 nm was observed in the absence of NAD, NADP, or substrate. For hexokinase, the reference cuvette contained the whole reaction mixture except glucose, and sufficient glucose-6-P dehydrogenase was added to both cuvettes to oxidize 1 /.mole of glucose-6-P per min in the presence of NADP (25 C, pH 7.4).
Ribulose-1 ,5-diP carboxylase activity was assayed by measuring the rate of incorporation of H'4CO-into 3-phosphoglycerate in the presence of ribulose-1,5-diP (15) . All organic constituents of enzyme assays were obtained from Sigma Chemical Co., St. Louis, Missouri.
For the assay of enzyme activities, the reaction mixtures contained (in jug protein/ml reaction mixture) 150 to 500 jg for hexokinase, 25 to 250 jtg for glucose-6-P dehydrogenase, 12 to 120 jutg for 6-P-gluconate dehydrogenase, 100 to 500 ,g for ribulose-diP carboxylase, and 100 to 250 jug for NAD-or NADP-linked glyceraldehyde-3-P dehydrogenase. Within these ranges of protein concentration, the reactions were linear with time and with the concentration of cell-free extracts. Cell-free and activity of glucose-6-P dehydrogenase in such pellets as percentage of total glucose-6-P dehydrogenase activity (Q) after cavitation for varying periods of time. Total glucose-6-P dehydrogenase activity was taken to be the activity of the supernatant liquid following cavitation of an algal suspension for 1 min/ml and centrifugation for 4 min at 5000g. Activity in pellets following cavitation for varying periods of time and centrifugation was evaluated as total activity minus the activity in the supernatant liquid. The abscissa represents seconds of cavitation per ml cavitated, summed over successive periods of cavitation. One-ml aliquots were removed after 5, 8, 11, and 14 sec/ml of cavitation. The algal suspension, initial volume 22 ml, contained 250 Ag Chl/ml; 40 mm KH2PO4-K2HPO4, pH 7.0; 1.5 mm glucose-6-P; and 3 mM MgC12.
The total glucose-6-P dehydrogenase activity was 3. 
RESULTS
Enzymes in cell-free extracts obtained following cavitation for 5 to 11 sec/ml were tested for their stability during further cavitation. Further cavitation for 1 min/ml did not significantly affect the activity of hexokinase, reduced the activity of ribuPlant Physiol. Vol. 52, 1973 WINKENBACH AND WOLK lose-diP carboxylase, glucose-6-P dehydrogenase, and 6-Pgluconate dehydrogenase about 5%, and reduced the activity of glyceraldehyde-3-P dehydrogenase about 18%. The presence of 1.5 mM glucose-6-P and 3 mm MgCl2 led to an additional 7% decrease in the activity of glucose-6-P dehydrogenase during cavitation but, in preliminary experiments, led to no additional decrease in the activity of hexokinase and 6-P-gluconate dehydrogenase. The percentage of recovery of glucose-6-P dehydrogenase activity was about 30% higher when the cavitated suspensions contained 200 to 250 ,ug Chl/ml than when the suspensions were diluted to 30 to 50 ,ug Chl/ml prior to cavitation.
The specific activities of five enzymes were compared in heterocyst preparations and in filaments. Heterocyst preparations contained somewhat higher hexokinase activity, much higher activities of glucose-6-P dehydrogenase and 6-P-gluconate dehydrogenase, and much lower activities of ribulose-diP carboxylase and glyceraldehyde-3-P dehydrogenase, than did filaments, per unit total protein or soluble protein (Table I) . Following centrifugation of cell-free extracts for 30 min at 48,000g, all of the activities of hexokinase, glucose-6-P dehydrogenase, and 6-P-gluconate dehydrogenase were recovered in the supernatant liquid, whereas the membranous pellet lacked measurable activity.
The ratio (GH!GF) of glucose-6-P dehydrogenase activity in heterocysts (GH) to the total glucose-6-P dehydrogenase activity in filaments (GF) was determined by means of a principle used previously (18, 19 Two experiments were performed with glucose-6-P and MgCl2 present in the cavitation medium. In these experiments, the plot of sedimentable glucose-6-P dehydrogenase activity (i.e. 1 minus fraction solubilized) was biphasic, and extrapolated to a value of 0.78 (Fig. 1) . Extrapolated values of 0.74 to 0.80 were obtained in four additional experiments in which the suspension medium was unsupplemented phosphate buffer. The second portion of the plot nearly paralleled the approximately exponential survival curve of thick walled, apparently intact heterocysts. The amount of Chl sedimentable in 4 min at 5000g decreased much more rapidly than did the number of heterocysts during the early periods of cavitation. About 95% of the Chl was present initially in the vegetative cells. The curve of sedimentable protein (not shown) closely approximated the curve of sedimentable Chl. The early portions of these curves reflect the rapid breakage of vegetative cells and thin walled proheterocysts during cavitation. Ribulose-diP carboxylase and glyceraldehyde-3-P dehydrogenase were largely solubilized in parallel with the destruction of vegetative cells (Table IIA) .
A suspension cavitated for 5 sec/ml was fractionated into a supernatant portion and a pellet by centrifugation for 5 min at 12,000g. The sum of the glucose-6-P dehydrogenase activities in the two fractions was close to 100% of the activity of a cellfree extract of whole filaments (Table IIC) . If glucose-6-P and MgCl, were omitted from the cavitation media, only 87% (average of three experiments) of the activity obtained from filaments was recovered in the pellet and supernatant fractions. Recovery in these two fractions was also low if the pellet fraction cavitated contained only about 50 /-tg Chl/ ml.
The sum of the activities for ribulose-diP carboxylase, 6-Pgluconate dehydrogenase and hexokinase, of the pellet and supernatant fractions was close to the corresponding activities derived from whole filaments (Table II, A and B) . For glyceraldehyde-3-P dehydrogenase, the sum of the activities of the pellet and supernatant fractions was greater than the activity derived from whole filaments (Table IIA) . The apparent excess activity is probably due to inactivation of filament-derived activity as a consequence of cavitation for 1 min/ml. The NADP-dependent activity of glyceraldehyde-3-P dehydrogenase in cell-free extracts of filaments was approximately 50% of the corresponding NAD-dependent activity; NADP-dependent activity was not detectable in extracts of heterocysts. 92 ,ug Chl/ml in tris buffer; B: 24 ml, 234 ,g Chl/ml in phosphate buffer; C: two 22-ml batches, 245 ,g Chl/ml in phosphate buffer containing 1.5 mm glucose-6-P and 3 mM MgCI2) were cavitated for 11 (A, B) or 5 (C) sec/ml. For A and B, 12-ml aliquots were withdrawn and centrifuged for 5 min at 5000g. The supernatants were assayed. The pellets were resuspended in 12 ml of buffer, cavitated for 1 min/ml, centrifuged as above, and the supernatant liquids assayed. To obtain "filament" values, the remaining suspension of broken filaments was further cavitated for a total of 1 min/ml, centrifuged as above, and the supernatant liquid assayed. For C, 42 ml of the cavitated and pooled suspension were centrifuged for 5 min at 12,000g, and the supernatant liquid assayed. The pellet was resuspended in 10.5 ml of buffer, cavitated for 1 min/ml, centrifuged as above, and the supernatant liquid diluted to 42 ml prior to assay. To obtain filament values, a 10-5.ml suspension was cavitated for 1 min/ml, centrifuged as above and the supernatant liquid assayed. The activities for each enzyme have been multiplied by a factor such that the activities of filaments are given on the basis of 1 The N,-fixing enzyme, nitrogenase, has also been found to be solubilized biphasically during cavitation of filaments (18) . The extrapolation of the second phase of the solubilization curve of nitrogenase intersected the zero-time axis at a value of 46%. It was not possible previously to determine whether nitrogenase had been solubilized biphasically from heterocysts. Although there are differences between the details of suspension, cavitation, and centrifugation in the prior and present experiments, the occurrence of a much greater intercept for the glucose-6-P dehydrogenase curve suggests that in the earlier experiments, about half of the active nitrogenase was solubilized from vegetative cells.
Comparison of Tables I and II , and Figure 1 , suggests that, as is true of glucose-6-P dehydrogenase, about three-fourths of the total activity of 6-P-gluconate dehydrogenase of filaments is accounted for by heterocysts. In cell-free extracts of filaments, these two marker enzymes of the oxidative pentose phosphate pathway have activities of approximately 200 to 250 ,umoles NADP red/mg ChlFhr. These activities are of the same order of magnitude as rates of photosynthesis measured for intact filaments (unpublished data). In other blue-green algae, the oxidative pentose phosphate pathway is the major route of sugar dissimilation (3, (10) (11) (12) . Thus, heterocysts may possibly play a major role in the dissimilation of sugars in whole filaments, and may conceivably supplement the NADPH of adjacent vegetative cells. These possibilities could prove to be a major function of heterocysts, and could account for certain observations which have been interpreted as indicating that nitrogenase activity is restricted to heterocysts (cf. 17) .
In cell-free extracts of A. cylindrica, in the presence of NADP and ferredoxin-NADP reductase, glucose-6-P was much more effective than pyruvate, isocitrate, or malate as an electron donor to nitrogenase, and was 10% as effective as dithionite (2) . Thus, the reactions of the oxidative pentose phosphate pathway may be principally responsible for generating reduced pyridine nucleotides in heterocysts, and in particular, for providing electrons for nitrogen fixation in those cells.
Autoradiographic evidence (16) that heterocysts, rather than assimilate CO,, receive fixed carbon from vegetative cells is corroborated by our finding that heterocyst preparations which contain a high specific activity of 6-P-gluconate dehydrogenase contain a very low specific activity of ribulose-diP carboxylase. Because the specific activity of glyceraldehyde-3-P dehydrogenase is also very low in heterocysts, and because a low activity of this enzyme would limit the activities of the glycolytic and gluconeogenic pathways, as well as the reductive pentose phosphate pathway, our observations imply that these three pathways are much less active in heterocysts than in vegetative cells.
Although hexokinase has a higher specific activity in heterocysts than in vegetative cells, its activity in cell-free extracts is much lower than the activities of glucose-6-P dehydrogenase and 6-P-gluconate dehydrogenase. The principal substance moving from cell to cell which serves as precursor for glucose-6-P in heterocysts may therefore be an oligosaccharide or a sugar other than glucose.
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